Abstract. We present results extracting the position of the two Λ(1405) poles from experimental photoproduction data measured recently at different energies
Introduction
The issue of the nature of the Λ(1405) has captured great attention through the years. Very early it was already postulated that it could be a resonance made from the interaction of the coupled channelsKN and πΣ [1] . A big step forward was made possible with the use of chiral dynamics in its unitarized form, the so called chiral unitary approach, which has brought a new perspective to the problem and has shown the importance of coupled channels and unitarity [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . One of the novel aspects of these works has been the finding of two poles, and thus two states, rather than one, associated to the experimental peaks of the Λ(1405) resonance. Due to the existence of these two poles, the peak observed in experiments should be different in different reactions, as has been the case in the reactions studied so far [12] [13] [14] [15] [16] [17] [18] [19] . The early experiments gave a peak around 1405 MeV, which served to give the nominal mass to the resonance. In view of this, new reactions were devised that would show the peak around 1420 MeV, close to the second pole found in the chiral unitary approach works. A first suggestion was made in [20] , where the radiative production of the Λ(1405) resonance in K − collisions on protons was proposed, and a narrow peak around 1420 MeV was predicted. Awaiting for this reaction to be done, an equivalent reaction, the K − p → π 0 π 0 Σ 0 [15] , was measured and a peak was indeed seen around 1420 MeV and narrower than the one observed in [12, 13] . A theoretical description of this reaction in terms of the chiral unitary approach of [3] was provided in [21] . Further support for the two pole picture came from [22] where the K − d → nπΣ reaction was measured and a neat peak was observed around 1420 MeV. The reaction was studied theoretically in [23] and it was found that the mechanism of scattering of the kaon with a neutron, losing some energy, followed by rescattering of the kaon with the proton to produce the Λ(1405), provided the right strength and shape observed in experiment.
The surprising thing is that the theoretical approaches dealing with theKN interaction and predicting the properties of the Λ(1405) have paid little or null attention to the reactions where the resonance is produced, although in Ref. [9] some attention is given to Λ(1405) production. One of the exceptions to this rule is the model constructed for photoproduction of the Λ(1405), done in [24] before the experiment was performed, which predicted the basic features and strength of the reaction. Similarly, the π − p → K 0 πΣ reaction of [12] was studied theoretically in [25] , the pp → pK + πΣ reaction of [18] in [26] , the [21] and the K − d → nπΣ reaction of [22] in [23] . The chiral unitary approach with the potential from the lowest order chiral Lagrangians was used in all these studies. Meanwhile more refined models have been developed [8] [9] [10] [11] that contain the next to leading order terms in the potential. It is, however, interesting to observe that the results of [3] with the lowest order potential provide all the observables on cross sections and threshold ratios within the error bands provided by the more refined theoretical potential of [10] .
In the present talk we present results from a fit to the photoproduction of Λ(1405) at different energies of the CLAS collaboration at Jefferson Lab [16, 17] . For this purpose we have taken the πΣ andKN states in isospin I=0 and I=1 and solved the coupled channels Bethe Salpeter equations in terms of a potential suggested by chiral dynamics but with free parameters. We show that the fit determines the potential with a precision that allows one to conclude that there are two poles, one around 1350 MeV and wide and another one around 1420 MeV and narrow, like in most chiral unitary approaches fitting scattering data.
Unitarized meson-baryon amplitude
In the chiral unitary approach one starts from the lowest order chiral Lagrangian for the interaction of the octet of Goldstone bosons with the octet of the low lying 1/2 + baryons [27] , which provides the following tree level transition amplitudes in s-wave [28] :
where the superscript I stands for the isospin, √ s the center of mass energy, f the averaged meson decay constant f = 1.123f π [28] with f π = 92. 4 MeV, E i (M i ) the energies (masses) of the baryons of the i-th channel. The C 0 ij coefficients, for isospin I = 0, are given by
The i and j subscripts represent the channelsKN and πΣ in isospin-basis. Note that we do not consider the other possible channels in I = 0, ηΛ and KΞ, for the sake of simplicity of the approach and because for the energies that we will consider in this work the effect of those channels can be effectively reabsorbed in the subtraction constants. The coefficients for isospin I = 1 are
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where the order of the channels areKN , πΣ and πΛ. We also neglect here the ηΣ and KΞ states into the coupled channels equations since their thresholds are also very far from the energy region of interest in the present work.
The chiral unitary approach is based on the implementation of unitarity of the scattering amplitude in coupled channels and the exploitation of its analytic properties. This is accomplished, among other methods, using the Bethe-Salpeter equations in coupled-channel and the scattering amplitude T ij is given by the matrix equation
where V ij is the interaction kernel of Eq. (1) and the function G i , or unitary bubble, is the meson-baryon loop function which is logarithmically divergent, and therefore must be regularized, usually carried out either with a three momentum cutoff or with dimensional regularization in terms of a subtraction constant a i . In ref. [6, 28] the values a KN = −1.84, a πΣ = −2 where used for the I = 0 channels. In the present case, since we do not consider the ηΛ and KΞ channels, these subtraction constants may differ slightly but we will allow to vary these constants in the fit below. For the I = 1 channels, in ref. [29] the same value for a KN , a πΣ as in the I = 0 case was used and a πΛ = −1.83 for the new channel in the I = 1.
It is worth mentioning that the resonant shapes of the amplitudes obtained are far from looking like Breit-Wigner shapes. Therefore fits to experimental data assuming Breit-Wigner resonant shapes are not suitable for this resonance and a model like the present one, implementing unitarity in coupled channels, is more suited to reproduce experimental data.
Fit to photoproduction data
In terms of isospin states we have the following decomposition of the final πΣ states,
Since the Λ(1405) is dynamically generated from the final state interaction of the mesonbaryon pair produced, and we also seek for a possible generated resonance from the mesonbaryon scattering in I = 1, the most general mechanisms for the photoproduction reaction are those depicted in fig. 1 . The photoproduction can proceed by the production of either a πΣ orKN pair for I = 0 and I = 1 and also by πΛ for the I = 1 case. This initial production is represented by the thick circle in fig. 1 . The initial meson-baryon pair then rescatters to produce the final πΣ, accounted for by the unitarized scattering amplitude explained in the previous section.
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with W the energy of the γp interaction. The subindex in the b, c and d coefficients stand for the isospin. Note that the only difference between the γp → K + π + Σ − and the γp → K + π − Σ + amplitudes is the sign of the I = 1 contributions. The coefficients b, c and d may in general depend on W and hence we consider 9 sets of them in order to account for the 9 different energies W provided by the experimental result of CLAS [17] . On the other hand the relative weight between the different GT addends may be complex in general, therefore we allow the b 1 , c 0 , c 1 and d 1 to be complex and keep b 0 real since a global phase in the total amplitude is irrelevant. We will refer the b, c and d coefficients by initial production (IP) parameters in the following.
In [30, 31] it is shown that already good results are obtained fitting only the IP parameters and keeping the chiral parameters like in the original works. But since we want to extract information from photoproduction, we can try to get results with better χ 2 /dof by allowing the basic chiral unitary model to vary slightly. In this way we could obtain a fine tuning of the chiral unitary model and then of the position of the Λ(1405) poles and try to see if some I = 1 resonance shows up. In order to do this we multiply each coefficient of the potentials of the unitary amplitudes, Eqs. (2) and (3), by one real parameter α i and hence the new coefficient matrices that we consider now are given by for isospin I = 1. Furthermore we also allow to vary the subtraction constants from the regularization of the loop functions by multiplying each of them by a free parameter, β i : a KN → β 1 a KN ,  a πΣ → β 2 a πΣ and a πΛ → β 3 a πΛ . We will refer to the α and β parameters by potential parameters in the following (even though the β coefficients do not affect the potential, but we do this just to ease the nomenclature). Therefore, the chiral unitary amplitudes depend on 10 free parameters to be fitted, α i , β i , but only 5 of them affect the I = 0 amplitude and 7 the I = 1. With the potential obtained from the fit we shall search for the positions of the two Λ(1405) poles and look for a possible I = 1 resonance in the range of energy considered.
In order to get physically meaningful results, we implement the following strategy: As mentioned above, the fit to the data fixing the potential parameters to 1, is already reasonably fair, and the potential is consistent with data of scattering [3] , hence a good physical global fit should not be very far from having values of α i ∼ 1, β i ∼ 1. Therefore, in a first step, we start from the fit which was obtained fixing the potential parameters to 1 (α i = 1, β i = 1), but fixing now the IP parameters and allowing only the potential parameters to change. In a next step, we fix the new potential parameters obtained in the previous step and fit again the IP parameters. We iterate the process alternating between fitting the IP or fitting the potential parameters until we get a convergence of the value of the χ 2 . In this way we obtain a minimum of the χ 2 with potential parameters not very different from 1 which are then physically meaningful.
After this iterative procedure we get the result shown in fig. 2 , which has χ 2 /dof = 2.1. The bands account for the uncertainties of the fit at one standard deviation confidence level. The potential parameters obtained are shown in table 1. In [31] we also discuss that no pole is found for I = 1 in the ordinary Riemann sheet, but there is a pole located at 1522 − 14i MeV in another unphysical Riemann sheet which does not produce a Breit-Wigner shape in the real axis but has instead the appearance of a pronounced cusp at theKN threshold.
In order to make further checks that the fit obtained is physically acceptable, we calculate now the cross section for K − p → MB for the meson-baryon final channels
The results are shown in [31] in comparison to experimental data and the agreement is quite good.
Another experimental data usually considered in other theoretical works [32] [33] [34] regarding the Λ(1405) resonance are the energy shift and width of the kaonic hydrogen in the 1s state from the SIDDHARTA experiment at DAFNE [35] , which are reported to be ΔE − iΓ/2 = (283 ± 42) − i(271 ± 55) eV. This value is related to the K − p scattering length and therefore to the K − p → K − p amplitude at threshold. (For explicit mathematical expressions see refs. [32] [33] [34] ). With the values of the parameters in table 1 we obtain ΔE − iΓ/2 = (194 ± 4) − i(301 ± 9) eV, which compares reasonably well to the experimental SIDDHARTA data.
On the other hand, in a different fit to the CLAS data made by some members of that collaboration [36] , two different kind of fits were performed: one only to the π 0 Σ 0 data, to which only the I = 0 channel contributes and one to all the photoproduction data. The
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00023-p. 6 amplitudes in that fit are parametrized as (Eq.(5) of [36] )
where C I (W ) is a weight factor, Δφ I a phase and B I (m) a Breit-Wigner function. As one can see, the weight is allowed to depend on the photon energy, W , but not its phase. But even more restrictive is the fact that the shapes of the resonances, B I (m), are Breit-Wigner shapes and chosen independent of the photon energy. This neglects the possibility that the amplitudes γp → K + πΣ are superpositions of the amplitudes corresponding to the different poles with relative weights that depend on the photon energy. Furthermore, as seen in the plots of the amplitudes throughout the present work, the resonant amplitudes are far from being Breit-Wigner like.
For comparison we quote here the results of [36] when a fit to the data is done including two Breit-Wigners for I = 0 and one for I = 1, where the authors get M = 1338, Γ = 44, for one of the I = 0 resonances and M = 1384, Γ = 76, for the other one and M = 1357, Γ = 54, for the I = 1. This fit should be compared to ours in the present paper, (see table 2 ). The arguments exposed above can explain the difference in the results of our fit and CLAS. It is worth noting that a recent paper [37] including higher order terms in the potential and fitting scattering and photoproduction data obtain results remarkably similar to those presented here .
Summary
We have made a fit to the γp → K + πΣ experimental data by using a chiral unitary approach but with free parameters for the meson baryon scattering potential. We show that the data demand two states in I = 0, Λ(1405) states and there is a pronounced cusp structure I = 1.
Fair results are then obtained for the cross sections of the K − p → MB for the mesonbaryon final channels K − p, K 0 n, π + Σ − , π − Σ + , π 0 Σ 0 and π 0 Λ and for experimental data on kaonic hydrogen. The new photoproduction data have been essential to set on firm grounds the previous findings of most of the studies based on the chiral unitary approach.
